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Negative Control of Circadian Clock
Regulator E4BP4 by Casein Kinase
I-Mediated Phosphorylation
entrainment seems to be mediated by light-dependent
regulation of Per1 and Per2 in vertebrate clock systems
[1, 5]. A brief light pulse at nighttime induces a phase
shift closely associated to rapid Per induction in the
mammalian suprachiasmatic nucleus [6–8] and avian
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Hongo 7-3-1, Bunkyo-ku pineal gland [3]. A prolonged (or shortened) light period
slightly shifted from the previous cycle also shifts theTokyo 113-0033
Japan phase of the endogenous oscillator [9], but the molecular
mechanism underlying this process is less understood.2 Institut de Ge´ne´tique et de Biologie Mole´culaire
et Cellulaire Prolongation of the light period to the early night induces
a phase delay of cPer2 rhythmic expression in the chickBP 10142
67404 Illkirch, Strasbourg pineal gland without rapid cPer2 induction [2]. Rather,
cPer2 expression was maintained at low levels until theFrance
3 Precursory Research for Embryonic Science next morning, and the onset of subsequent cPer2 in-
crease was delayed (Figure 1A). Thus, the prolongedand Technology
Japan Science and Technology Agency light period and brief light pulse given in the early night
appear to evoke distinct molecular processes, even4-1-8 Honcho Kawaguchi
Saitama though they elicit the same phase-shifting effect [9].
The bZIP transcription factor E4BP4 is a vertebrateJapan
ortholog of Drosophila VRI, which is required for stable
clock oscillation in Drosophila [10–12]. E4BP4 probably
plays a role for circadian timekeeping in vertebrateSummary
clocks [2, 13], though the contribution to the oscillatory
mechanism is still elusive. We proposed a potential roleLight-dependent transcriptional regulation of clock
genes is a crucial step in the entrainment of the circa- of E4BP4 in light entrainment of the clock, especially
as a key regulator for phase delay when animals weredian clock [1]. E4bp4 is a light-inducible gene in the
chick pineal gland [2], and it encodes a bZIP protein exposed to prolonged light periods [2]. This model is
based on two lines of evidence. First, pineal E4bp4 ex-that represses transcription of cPer2, a chick pineal
clock gene [2, 3]. Here, we demonstrate that prolonged pression is upregulated by light prolongation. Second,
E4BP4 can repress cPer2 transcription through a recog-light period-dependent accumulation of E4BP4 protein
is temporally coordinated with a delay of the rising nition sequence in the promoter. These observations
predict a scenario in which light-induced E4BP4 sup-phase of cPer2 in the morning. E4BP4 was phosphory-
lated progressively and then disappeared in parallel presses cPer2 expression, resulting in a delay of the
rising phase of cPer2 the next morning. It should bewith induced cPer2 expression. Characterization of
E4BP4 revealed Ser182, a phosphoacceptor site lo- noted, however, that the delay of cPer2 expression takes
place 4 hr later, relative to the light-evoked upregula-cated at the amino-terminal border of the Ser/Thr clus-
ter, which forms the phosphorylation motifs for casein tion of E4bp4. The current model assumes changes in
E4BP4 levels that take place at times appropriate forkinase 1 (CK1). CK1 physically associated with
E4BP4 and phosphorylated it. CK1-catalyzed phos- cPer2 suppression. Here, we show that timing of E4BP4
action is controlled not only by light-stimulated tran-phorylation of E4BP4 resulted in proteasomal prote-
olysis-dependent decrease of E4BP4 levels, while scription but also by phosphorylation-dependent nega-
tive regulation exerted by CK1, a kinase essential forE4BP4 nuclear accumulation was attenuated by CK1
in a kinase activity-independent manner. CK1-medi- normal circadian timekeeping in flies and rodents
[14–17].ated posttranslational regulation was accompanied by
We analyzed the levels of E4BP4 in chick pineal glandsreduction of the transcriptional repression executed by
by generating a specific antiserum (Figure 1). E4BP4E4BP4. These results not only demonstrate a phosphory-
is largely nuclear (Figure 1A, right), with an apparentlation-dependent regulatory mechanism for E4BP4 func-
molecular mass of 54–59 kDa, which is slightly largertion but also highlight the role of CK1 as a negative
than the calculated mass (53 kDa). In 12 hr light/12 hrregulator for E4BP4-mediated repression of cPer2.
dark (LD) cycles, nuclear E4BP4 levels exhibited an overt
diurnal fluctuation (Figure 1A, left, 12L, gray bar graph),Results and Discussion
peaking at early night (2 hr after light offset); this pro-
tein cycle is delayed by 4 hr to its mRNA cycle (FigureLight-Dependent Expression of the Chick Pineal
1A, compare gray bars and closed circles). The E4BP4E4BP4 Protein
levels were then studied during and after exposure ofThe central hallmark of the circadian clock is the ability
animals to prolonged (18 hr) light (Figure 1A, 18L). E4bp4to entrain to environmental light/dark cycle [4]. Light-
transcripts were upregulated during the prolonged light
period (Figure 1A, open circles), and consequently,*Correspondence: sfukada@mail.ecc.u-tokyo.ac.jp (Y.F.), paolosc@
titus.u-strasbg.fr (P.S.-C.) higher levels of E4BP4 protein were detected by the
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E4BP4 Protein Is Phosphorylated
Progressively with Time
Considering that cPer2 expression rises when E4BP4
protein levels are low (Figure 1A), then the timing of
E4BP4 decay could be a critical determinant for the
morning onset of cPer2 induction. Interestingly, E4BP4
exhibited a diurnal fluctuation not only in abundance
but also in its electrophoretic mobility (Figure 1A). The
ratio in band densities of the lower mobility form to the
higher one reached a peak in the late night just before
the disappearance of E4BP4 protein (Figure 1A). The
E4BP4 diurnal fluctuation in abundance and electropho-
retic mobility was maintained under constant dark (DD)
conditions (Figure 1B). To test whether E4BP4 mobility
changes may be due to phosphorylation, pineal nuclear
extract prepared at early night (2 hr after light offset
in LD cycle) was incubated with calf intestinal alkaline
phosphatase (CIP) (Figure 1C). CIP treatment converted
the lower mobility form of E4BP4 to the higher one, and
it was blocked by addition of a phosphatase inhibitor
Figure 1. Immunoblot Analyses of the Chick Pineal E4BP4 Protein
(sodium phosphate). These results indicate that in the
(A) Prolongation of the light period upregulates the E4BP4 protein
chick pineal gland, E4BP4 protein is subject to progres-level. One-day-old chicks were maintained in LD (12 hr/12 hr) cycles
sive phosphorylation at specific times of the day. It isfor 14 days. On day 15, one group of the animals was maintained
most likely that the circadian-regulated phosphorylationunder 12 hr light/12 hr dark condition (12L), whereas the other group
was maintained under 18 hr light/6 hr dark condition (18L). Both of E4BP4 associates closely with its disappearance from
groups were transferred to DD on day 16, and the pineal glands the chick pineal cells.
were isolated at indicated time points of days 15–16 (five chicks for
each time point). The pineal homogenate was fractionated, and the
Essential Role of Ser182nuclear fraction (10 g of proteins) was immunoblotted with anti-
in E4BP4 PhosphorylationE4BP4 serum (left). The blotting images of the nuclear fractions
A close examination of the primary structures of E4BP4were compared with those of the cytoplasmic fractions prepared
from the pineal glands isolated 2 hr and 14 hr after the light onset from several species together with a protein phosphory-
under 12L condition (right). The band intensities (in left panels) were lation prediction software (www.cbs.dtu.dk/databases/
measured and shown in relative values as the means  range of PhosphoBase) identified candidate sites for phosphory-
variation from two independent experiments. Solid and open arrow-
lation: (1) serines (positions 298 and 349; Figure 2A)heads indicate different forms of E4BP4. For comparison, the E4bp4
corresponding to MAPK motifs [18] in the repressionand cPer2 mRNA levels under the 12L (closed circles and squares,
domain [19], and (2) a cluster of serine/threonine resi-respectively) and 18L (open circles and squares, respectively) condi-
tions are reproduced from [2]. dues in the region 182–202 (Figures 2A and 2B) corre-
(B) Circadian expression of the chick pineal E4BP4 protein. One- sponding to potential sites for CK1. CK1 shows strong
day-old chicks were maintained in LD cycles for 14 days and then preference for prephosphorylated substrate with a motif
transferred to DD. The pineal glands were isolated at indicated time
of Sp/Tp-X1-3-S/T (the underlined S or T is to be phos-points of days 15–16 in DD, and the nuclear fraction (10 g of
phorylated; abbreviations: Sp, phosphoserine; Tp, phos-proteins) was immunoblotted with anti-E4BP4 serum.
phothreonine; X1–3, one to three amino acids intervening(C) E4BP4 is phosphoprotein. The pineal glands were isolated from
the chicks 2 hr after the light offset under 12L condition, and the between Sp/Tp and phosphoacceptor S/T), while CK1
nuclear extract was incubated with calf intestinal alkaline phospha- also recognizes an acidic residue as the leading site,
tase (CIP) or heat-treated CIP in the presence or absence of sodium albeit with a 100-fold lower efficiency compared to Sp
phosphate (NaPi). Each reaction mixture was subjected to immu-
or Tp [20, 21]. In this region (residues 182–202), potentialnoblotting with anti-E4BP4 serum.
CK1 motifs are linked in tandem (Figure 2B), forming
an overlapping motif (e.g., S-X1–3-S-X1–3-S). Therefore,
presumptive Ser182 phosphorylation at the amino-ter-
next morning (Figure 1A, 18L, blue bar graph). In parallel minal border of this region would prime chain phosphor-
with upregulated E4BP4 protein, cPer2 mRNA expres- ylation of the downstream serine/threonine residues.
sion was maintained at low levels until the next morning, This serine/threonine cluster is evolutionarily conserved
and the subsequent morning onset of cPer2 induction from vertebrate E4BP4 to Drosophila VRI (Figures 2B
was delayed (Figure 1A, left, compare open and closed and S1), a notion unappreciated to date. We examined
squares in red). Thus, nuclear E4BP4 accumulation oc- the effects of Ser-to-Ala mutations at positions 182, 298,
curred at the time of cPer2 suppression. These results, and 349 in Myc-tagged E4BP4 expressed in LMH cells
along with E4BP4-mediated repression of cPer2 pro- (Figure 2C). In contrast to mutation(s) at Ser298 and/or
moter [2], strongly suggest that E4BP4 plays an impor- Ser349 (lanes 3–5), mutation at Ser182 caused striking
tant role in the phase-delaying process as a light- decrease in electrophoretic retardation (lanes 2 and 6).
induced suppressor of cPer2. The duration of E4BP4 CIP treatment of the S182A mutant caused further
accumulation, determined by the balance between syn- sharpening and downshift of the protein band (Figure
thesis and degradation, therefore regulates the degree 2D, lanes 3 and 4), with a size identical to that of in vitro
synthesized Myc-E4BP4 (lanes 5 and 6).of phase delay induced by the prolonged light period.
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Figure 3. CK1 Associates with and Phosphorylates E4BP4
Figure 2. Potential CK1 Recognition Site Ser182 Is Responsible for (A) E4BP4 protein as a substrate of CK1. Myc-E4BP4(wt), Myc-
the Phosphorylation-Dependent Mobility Shift of E4BP4 Protein E4BP4(S182A), or Myc-mPER2 was expressed in LMH cells and
(A) Primary structures of E4BP4 from various species. The shaded immunoprecipitated with anti-Myc 9E10 antibody. The precipitated
boxes represent a bZIP domain, a repression domain [19], and a materials were incubated with or without CIP, and they were incu-
region containing CK1 phosphorylation motif [20] in a cluster of bated with either GST-CK1320 or GST-CK1(KN)320 in kinase
serine/threonine residues. Serine residues Ser298 and Ser349, buffer containing [-32P]ATP. The precipitates were subjected to
which fulfil the MAPK phosphorylation motif [18], are indicated by SDS-polyacrylamide gel electrophoresis, and the gel was stained
arrows. with Coomassie brilliant blue (CBB) and analyzed by autoradiog-
(B) Ser/Thr residues in conserved CK1 phosphorylation motifs in raphy.
E4BP4 proteins. Amino acid sequences at a region of 178–206 of (B) Physical interaction of CK1with E4BP4 and mPER2. Myc-E4BP4
E4BP4 are compared among human, mouse, and chicken, and the or Myc-mPER2 was expressed in LMH cells together with either
conserved serine/threonine residues are shown with white charac- Flag-CK1 or Flag-CK1(KN). The cell extracts were subjected to
ters on black backgrounds. immunoprecipitation with anti-Flag M2 antibody. The precipitates
(C and D) Phosphorylation-dependent mobility shifts of E4BP4 and were immunoblotted with anti-Myc 9E10 antibody (top) or anti-Flag
its mutants. Myc-tagged E4BP4 protein carrying mutation at the M2 antibody (middle). The whole cell extracts were also immunoblot-
serine residue(s) at positions 182, 298, and/or 349 was expressed ted with anti-Myc 9E10 antibody (input; bottom).
in LMH cells and subjected to the immunoblot analysis with anti-
Myc 9E10 antibody (C). For the experiment of the phosphatase
treatment (D), the substrate proteins (wt and S182A) were expressed
in LMH cells and immunoprecipitated with anti-Myc 9E10 antibody. a substantial phosphorylation decrease (lane 4). Impor-
In vitro synthesized Myc-E4BP4(WT) was also immunoprecipitated tantly, GST-CK1320 was unable to phosphorylate
and used as a substrate. The beads were suspended in phosphatase Myc-E4BP4 that was pretreated with CIP (lane 2). De-
buffer and incubated with or without CIP. The precipitates were
phosphorylated Myc-E4BP4 was a poor substrateimmunoblotted with anti-Myc 9E10 antibody.
(about 1000-fold reduction than before CIP treatment),
and therefore CK1 action on Myc-E4BP4 appears to
require priming phosphorylation of E4BP4. This resultE4BP4 Is a Substrate of CK1
contrasts sharply with mPER2, which is readily phos-CK1 is an important regulator for normal circadian func-
phorylated by GST-CK1320 even after CIP treatmenttion in flies and rodents [14–16]. In hamster, a defect in
(lanes 5–7). Thus, E4BP4 and mPER2 are phosphory-CK1 is responsible for the tau mutation [14] that causes
lated by CK1 through distinct mechanisms.short-period rhythmicity [17] and abnormal light entrain-
We further investigated the difference between E4BP4ment [17, 22, 23]. PER has been implicated as the unique
and mPER2 in physical interaction with Flag-tagged full-CK1 target in the clockwork [24–28], but its phosphory-
length CK1 (Figure 3B). Myc-E4BP4 or Myc-mPER2lation status was not appreciably altered in tau mutants
was coexpressed with Flag-CK1, which was then im-[5, 29].
munoprecipitated with anti-Flag antibody. Flag-CK1In vitro kinase assays were performed with bacterially
coprecipitated Myc-E4BP4 (lane 2) and Myc-mPER2expressed GST-CK1320 exhibiting full-catalytic activ-
(lane 5). CK1 kinase activity was not required for bindingity without autoinactivation mediated by its carboxyl-
to Myc-E4BP4 and to Myc-mPER2 (lanes 3 and 6).terminal region [30, 31]. Myc-E4BP4 expressed in LMH
Rather, intact CK1 activity caused reduction of Myc-cells was immunoprecipitated with anti-Myc antibody,
E4BP4 levels in immunoprecipitated complexes (lane 2,and it was phosphorylated by incubation with GST-
top). Reduction of immunoprecipitated Myc-E4BP4 isCK1320 and [-32P]ATP (Figure 3A, lane 1). No incor-
likely due to decreased levels of total Myc-E4BP4 (laneporation of 32P into Myc-E4BP4 was observed with a
2, bottom). By contrast, coexpression of CK1 withkinase-negative (KN) mutant of GST-CK1320 (lane 3),
mPER2 had a marginal effect on total mPER2 levels andindicating that E4BP4 phosphorylation was due to CK1
kinase activity. Ser182 mutation in Myc-E4BP4 caused induced electrophoretic retardation of mPER2 (lane 5).
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Figure 5. A Model for the Posttranslational Regulation of E4BP4 in
the Chick Pineal Clock System
See Results and Discussion.
Thus, although both E4BP4 and mPER2 are CK1 sub-
strates, their regulation is distinct.
CK1 Is a Negative Regulator for E4BP4
The phosphorylation-dependent decrease of E4BP4 lev-
els (Figure 3B) suggests that CK1-catalyzed phosphor-
Figure 4. CK1 Downregulates the E4BP4 Function. ylation may increase its rate of degradation. We ana-
(A) CK1 induces proteasomal degradation of E4BP4. LMH cells lyzed Myc-E4BP4 levels by using MG132, a specific
were transfected with Myc-E4BP4 (125 ng of plasmid) in the pres-
inhibitor of the proteasome-dependent protein degra-ence of CK1, CK1(KN), or pcDNA3 empty vector (25 ng each). The
dation system [32, 33]. CK1 coexpression caused acells were then cultured in the presence (right) or absence (left) of
marked reduction in Myc-E4BP4 levels (Figure 4A, lanesMG132. The cell lysates were immunoblotted with anti-Myc 9E10
antibody. 1 and 2) dependent on kinase activity (lane 3). Addition
(B) CK1 inhibits nuclear accumulation of E4BP4. LMH cells were of MG132 almost completely inhibited CK1-mediated
transfected with Myc-E4BP4 (125 ng of plasmid) in the presence of decrease of Myc-E4BP4 levels (lanes 4-6) and instead
CK1 (25 ng; [b], [e], and [h]), CK1(KN) (25 ng; [c], [f], and [i]) or enhanced its electrophoretic retardation, indicating an
pcDNA3 empty vector (25 ng; [a], [d], and [g]). Myc-E4BP4 protein
elevation in the ratio of phosphorylated Myc-E4BP4.was visualized by immunostaining with anti-Myc 9E10 antibody.
Thus, CK1-catalyzed phosphorylation of E4BP4 leadsThe stained cells were classified into three categories in terms of
to reduction of the E4BP4 protein level through a mecha-localization of E4BP4 protein: nucleus (N, solid bars), cytoplasm (C,
open bars), or both nucleus and cytoplasm (N  C, shaded bars). nism of the proteasome-dependent protein degra-
The percentage of each category shown in the lower panel is the dation.
mean  SD of three independent experiments, in which more than Coexpression of CK1 also significantly attenuates
100 stained cells were counted. **p  0.001 and *p  0.005 were nuclear accumulation of Myc-E4BP4, which was pre-
compared by Student’s t test with the percentage of nuclear-stained
dominantly nuclear when expressed alone (Figure 4B,cells (N, solid bar) of the control transfection (vector).
vector and CK1). CK1 effect on Myc-E4BP4 intracellu-(C) CK1 attenuates the transcriptional repression activity of E4BP4.
lar distribution was nearly independent of kinase activityTranscriptional assay was performed with an SV40-driven luciferase
reporter plasmid that contains three copies of E4BP4-recognition (Figure 4B, CK1[KN]), and it parallels with kinase activ-
sequence (see Supplemental Experimental Procedures). Increasing ity-independent physical association of CK1 with
doses of Myc-E4BP4 (1, 5, 25, and 125 ng of plasmid) were tran- E4BP4 (Figure 3B, lanes 1–3). It is likely that the kinase
siently introduced to LMH cells together with CK1 (25 ng; open activity-dependent and -independent aspects of CK1
circles), CK1(KN) (25 ng; shaded circles), or pcDNA3 empty vector
action on E4BP4 are both effective for the decrease of(25 ng; closed circles). The luciferase activities were normalized
E4BP4 nuclear levels.for -galactosidase activities (pcDNA3.1/Myc-His()/lacZ; 5 ng of
Finally, we determined the functional consequence ofplasmid) and expressed relative to that of the control transfected
with only pcDNA3 and pCS2MT. All the values are the mean  CK1-mediated posttranslational E4BP4 regulation by
SD (n 	 3). Shown are representative data of replicate experiments monitoring E4BP4 transcriptional repression activity [2].
with similar results. Expression of CK1 alone had almost no effect on the
(D) Myc-E4BP4 protein levels in the nuclear and cytoplasmic frac- basal transcription activity (Figure 4C), indicating that
tions of LMH cells transfected with Myc-E4BP4 (5 ng of plasmid) in
the general transcription system is not affected by thethe presence of CK1, CK1(KN), or pcDNA3 empty vector (25 ng
CK1 expression. Myc-E4BP4 repressed transcriptioneach). Each fraction derived from the same number of cells was
in a dose-dependent manner (closed circles), and thisimmunoblotted with anti-Myc 9E10 antibody (upper). The protein
levels of Myc-tagged -galactosidase (pcDNA3.1/Myc-His()/lacZ; activity of Myc-E4BP4 was blunted by CK1 coexpres-
5 ng of plasmid) were also assayed by immunoblotting (lower). The sion (open circles) such that an 5-fold higher dose of
band intensities of Myc-E4BP4 were measured and shown in relative Myc-E4BP4 was required for equivalent repression. The
values as the means  SD (n 	 3) CK1 kinase-negative mutant also attenuated Myc-
E4BP4-mediated repression (shaded circles), albeit with
weaker efficiency. Immunoblot analysis (Figure 4D) veri-
fied that CK1 and CK1(KN) respectively caused
70%
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